Individuals infected with HIV-1 are susceptible to bacterial and viral infections of the airways leading to pneumonia (1) (2) (3) (4) . Despite major advances in HIV-1 treatment, opportunistic infections of the lung, such as tuberculosis and pneumocystis, remain the leading cause of death in these individuals (5) . In addition, more typical bacterial pathogens, such as Streptococcus pneumoniae, are also increased in patients with HIV/AIDS, reflecting a significant problem with airway host defense. The precise mechanisms underlying HIV-1-induced immune dysfunction within the lung are not known; however, HIV-1 can infect alveolar macrophages (6) , and evidence suggests that phagocytosis and other innate immune functions are impaired in monocytes/macrophages from individuals infected with HIV-1 (7, 8) . Therefore, there are compelling reasons to identify the mechanisms by which alveolar macrophage immune function is impaired in chronic HIV-1 infection so that novel therapies designed to augment pulmonary host defenses can be developed.
More recently, it has become recognized that not all HIV-1 disease manifestations can be attributed to viral infection of target cells alone, and there is evidence that HIV-1-related proteins, including gp120 and Tat, can independently cause organ dysfunction. The recently developed HIV-1-transgenic mouse and rat models provide powerful tools for studying the impact of viral proteins, independently of viral infection, on different organs, including the lung (9) (10) (11) . In both the rat and the mouse construct, the HIV-1 gag and pol genes have been deleted and, therefore, this is a pro-virus insertion in which there is no viral replication or infection, but in which other HIV-1-related proteins are expressed (12) . The advantage of the rat model, when compared with the mouse model, is that the HIV-1-transgenic rat has a functional Tat and efficient viral gene expression in many organs. These rats have circulating gp120 in their blood, and tissue mRNA expression of gp120, Nef, Tat, and Rev. Furthermore, they develop muscle wasting, cataracts, nephropathy, and immune deficiencies that are all consistent with an AIDS-like phenotype (12) . Therefore, although primate models remain the best means of studying viral infection and replication, the transgenic rodent models are considerably less expensive and offer the unique opportunity to study the effects of HIV-1-related proteins independently of viral infection per se.
Granulocyte-macrophage colony-stimulating factor (GM-CSF) is a 23-kD glycosylated peptide that is secreted by many cells, including alveolar epithelial cells (13) . It is known that GM-CSF is essential for maturation and function of alveolar macrophages. Alveolar macrophages respond to GM-CSF through GM-CSF receptor (GM-CSFR), which is present on the membrane. The GM-CSFR shares a common b-chain (GM-CSFRb) with the IL-3 and IL-5 receptors that initiates intracellular signaling, and a unique a chain (GM-CSFRa), which acts as the binding subunit (14, 15) . We have shown recently that alveolar macrophages from alcohol-fed rats have significantly fewer GM-CSFR, and have decreased GM-CSF signaling (16) . This dampening of GM-CSF signaling resulted in decreased immune function of macrophages (16) . As both chronic alcohol abuse and chronic HIV-1 infection predispose to a variety of pulmonary infections, we speculated that alterations in GM-CSFR expression might likewise explain, at least in part, the alveolar macrophage immune defects associated with HIV-1 infection. Furthermore, if this proved to be the case, then strategies found to increase GM-CSFR expression could be an effective adjunctive therapy to enhance pulmonary host defense in this setting.
Recently, we focused on one such strategy; specifically, the trace element, zinc (Zn), which is essential for host defense, but, to our knowledge, has not been examined in experimental models of HIV-1. Micronutrient Zn is implicated in many aspects of immune function, including function of T and B lymphocytes and innate immunity (17) . In addition, Zn has structural and catalytic roles in more than 300 metalloenzymes, and regulates many cellular processes, including signal transduction and gene expression (18) . It also plays a role in the regulation of cellular glutathione (19) and protects cell membranes from oxidative damage (20) . Chronic Zn deficiency can cause further damage when combined with other insults. For example, in Zn-deprived individuals, smoking can result in replacement of absent Zn with toxic cadmium from cigarette smoke, and this may contribute to tobacco-related lung diseases.
Although considerable information is available on the role of Zn in the brain (21, 22) , liver (23, 24) , immune system (17) , and bones (25, 26) , very few studies have focused on its role in the lungs. In addition to our recent reports on alcohol-induced dampening of GM-CSFR expression and signaling in the alveolar macrophage (16), we have investigated the potential role of Zn deficiency within the alveolar space as a contributing factor, and shown an immunostimulatory role of Zn in the alveolar space in our rat model of chronic alcohol ingestion (unpublished data). To our knowledge, there are no reports on the effects of HIV-1-related proteins on Zn levels within the alveolar space or on alveolar macrophage GM-CSFR expression and signaling. Therefore, in this study, we examined GM-CSFR expression and bacterial phagocytic function in alveolar macrophages from HIV-1-transgenic rats. We then examined the levels of Zn in the alveolar space and whether Zn supplementation could improve GM-CSFR expression and immune function in alveolar macrophages from HIV-1-transgenic rats.
MATERIALS AND METHODS

HIV-1-Transgenic Rats
Age-matched HIV-1-transgenic or wild-type female Fischer rats were either purchased from Harlan or produced by a breeding colony that we recently established. This rat model is genetically engineered to contain the entire genome of the AIDS virus HIV-1 except for gag and pol that make the virus infectious (12) . Mating of male HIV-1 rats with wild-type females produced several transgenic and normal offspring. The transgenic rats are born with cataracts and can be clearly identified from wild-type normal rats, and were positive for transgene as determined by tail-snip DNA analysis (12) . The female transgenic rats used in this study were always matched for age and gender with normal wild-type rats. All the work was performed under the approval of the Institutional Animal Care and Use Committee at the Atlanta Veterans Affairs Medical Center. In most experiments, 8-to 9-month-old rats were used. To investigate age-related issues, younger rats were used in some experiments, as HIV-1-transgene expression has a relatively mild phenotype in young animals, but, as animals age, they develop a profound phenotype (12) .
Bronchoalveolar Lavage and Isolation of Alveolar Macrophages
After pentobarbital anesthesia (100 mg/kg intraperitoneally), a tracheotomy tube was placed and rat lungs were first lavaged with 5 ml sterile, cold PBS (pH 7.4). The recovered fluid (z3.5 ml) was stored in aliquots at 2708C for measurement of Zn levels as described below. To isolate macrophages, lungs were lavaged four times with 10 ml sterile, cold PBS (pH 7.4). The recovered lavage solution was centrifuged at 1,500 rpm for 7 minutes, and the cell pellet resuspended in sterile media for functional studies. This procedure routinely yields about two million cells per rat. These cells are over 98% viable by trypan blue exclusion test. Diff-Quick (IMEB, Inc., San Marcos, CA) and CD-32 (a marker for alveolar macrophages) staining showed that more than 95% of cells were alveolar macrophages. These cells did not have any neutrophils, and more than 95% of cells adhered to coverslips after 30-minute incubation at 378C. In some experiments, a rat alveolar macrophage cell line NR8383 (American Type Culture Collection, Manassas, VA) was used to investigate the effect of Zn deficiency on GM-CSFR expression and phagocytosis.
Measurement of Zn Levels
Zn levels in the bronchoalveolar lavage fluid and in the isolated alveolar macrophages and epithelial cells were measured using a Znspecific dye (Invitrogen, Carlsbad, CA). FluoZin-3 is a recently developed fluorochrome with a high affinity for Zn (dissociation constant, 15 nM) and little affinity for Ca or Mg. This free-acid form is not membrane permeable, and is mainly used to detect Zn release into the extracellular space or in solutions such as lung lavage fluid, as employed here. FluoZin-3 (500 nM) was added to the first aliquot of lavage fluid, and resulting fluorescence was measured in a fluorescence plate reader. The excitation and emission wavelengths for FluoZin-3 are 494 and 516 nm, respectively. Standard curves for Zn acetate were generated with each run, and Zn values in the unknown samples were extrapolated from this curve. To avoid Zn contamination, sterile tubes and MiliQ water were used. The membrane-permeable form, FluoZin-3AM, was used for staining alveolar macrophages for 1 hour at room temperature. The labeled cells were analyzed by FACScan flow cytometer (Becton Dickinson, San Jose, CA). Data are expressed both as percent of positive cells as well as the mean channel fluorescence (MCF) for positive cells in each group. To correlate cellular function with Zn levels, GM-CSFR expression and phagocytosis were measured in the alveolar macrophages.
Flow Cytometric Detection of Membrane and Intracellular Receptor Expression
Membrane and intracellular expression of GM-CSFRs on alveolar macrophages were measured by an established protocol (27) . Briefly, cells were incubated for 30 minutes at room temperature with rabbit polyclonal antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) to either the rat GM-CSFRa or -b subunit, or to an isotype-matched control antibody and anti-gp120 antibody. Cells were washed to remove unbound antibody, followed by 30-minute incubation at room temperature with secondary anti-rabbit antibody conjugated to FITC. For intracellular staining of the receptors, cells were permeabilized with 0.1% saponin in PBS, followed by staining with the antibody. Cells were washed with PBS-saponin before adding FITC-conjugated secondary antibody (Santa Cruz Biotechnology). Cells were washed with PBS and kept in the dark at 48C until being analyzed. The labeled cells were analyzed by FACScan flow cytometer (Becton Dickinson). Data are expressed both as percent of positive cells as well as the MCF for positive cells in each group. Negative controls (cells stained with isotype-matched control antibody) were routinely less than 1% for percentage of positive cells (data not shown), and were subtracted from the positive control.
Enzyme-Linked Immunosorbent Assay
The expression of gp120 protein in serum and lavage was measured by gp120 capture enzyme-linked immunosorbent assay (ELISA) kit (Immunodiagnostics Inc., Bedford, MA). The lower limit of detection was 100 pg/ml.
RNA Isolation and Real-Time PCR
Total RNA was extracted using RNeasy Mini Kit (Qiagen, Valencia, CA) and treated with Qiagen DNase I to eliminate contaminating genomic DNA. Reverse transcription was performed with 1 mg of total RNA in a total volume of 25 ml per reaction in an iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). Real-time PCR was carried on the Bio-Rad iCycler. Amplification was preformed in Bio-Rad iQ SYBR green supermix containing specific primers and with denaturing at 958C for 20 seconds, annealing at 588C for 20 seconds, and extension at 20 seconds. Aliquots of cDNA were diluted 10-to 10,000-fold to generate relative standard curves to which sample cDNA was compared. Standards and samples were run in triplicate. The primers and product sizes were as follows: 59-GCA TAC ATC GTC GTC ACT GG-39 and 59-ACT CGA TCT CAA AGC GGA AA-39 for GMCSFR-a (202 bp); 59-AGA GCA GGC TTC TTG CTG AG-39 and 59-ATT GGG AAG TTG CTC TGT GG-39 for GMCSFR-b (164 bp). QuantumRNA class II 18S primers were purchased from Ambion (Austin, TX). PCR amplicons from all species were normalized for the amount of 18S in the same cDNA sample, which was also standardized on a dilution curve from the cDNA samples. A dilution curve showed that the real-time PCR efficiency was greater than 95% for all genes analyzed. Real-time SYBR green dissociation curves showed one species of amplicon for each primer set.
Alveolar Macrophage Bacterial Phagocytosis
Alveolar macrophages were isolated from wild-type and HIV-1-transgenic rats and incubated for 1 hour with FITC-labeled Staphylococcus aureus (Wood strain without protein A; Molecular Probes, Eugene, OR) in a 10:1 ratio; after incubation, cells were vigorously washed several times with PBS. Extracellular fluorescence was quenched by addition of trypan blue, as previously described (28), and FITC-labeled bacteria containing cells were measured by flow cytometry. Phagocytic index was calculated as follows: (% positive cells 3 MCF)/100. Phagocytosis images were obtained using an epifluorescence microscope (Leica Microsystems, Wetzlar, Germany). In some experiments, alveolar macrophages from wild-type and HIV-1-transgenic rats were incubated with or without Zn acetate (1 and 10 mM) for 48 hours. To one portion of the cells, FITC-labeled S. aureus was added in a 10:1 ratio and incubated at 378C in vitro for 1 hour. Phagocytosis was measured as described above. Other cells were used to measure intracellular Zn levels by flow cytometry as described above.
Statistical Analysis
Data are presented as mean (6 SEM). Data analysis was done by ANOVA with Student-Newman-Keuls test for group comparison and were considered statistically significant at a P value of less than 0.05.
RESULTS
Characterization of the HIV-1-Transgenic Rat Model
These animals are known to express the HIV-1 envelop protein, gp120. Therefore, we examined gp120 expression in the peripheral blood white cells of HIV-1-transgenic rats by flow cytometry. As shown in Figures 1A and 1B , cells from transgenic rats expressed membrane and intracellular gp120. Both the percentages of cells positive for gp120, as well as the MCF, were significantly higher in the HIV-1-transgenic rats. In parallel, gp120 Histograms for receptors from wild-type and transgenic rats are represented by black and gray lines, respectively. Negative control cells (cells stained with isotype-matched control antibody) were routinely less than 1% for percentage of positive cells (data not shown) and were subtracted from the positive control. Each value in B and C represents the mean 6 SEM of six to eight rats in each group. *P , 0.05 compared to wild-type rats. Both HIV-1-transgenic and wild-type rats used in these experiments were 8 to 9 months old.
was detected in the lung lavage fluid and serum of HIV-1-transgenic female rats by ELISA ( Figure 1C ). These levels were not significantly different than those from age-matched HIV-1-transgenic male rats (data not shown); however, age-dependent differences in the expression of these proteins may be possible. The nonspecific low background levels in the wild-type rats were subtracted from the gp120 levels from transgenic rats.
Down-Regulation of GM-CSFRb and Decreased Phagocytosis by Alveolar Macrophages from HIV-1-Transgenic Rats
As we had shown recently that alveolar macrophages from rats that are chronically fed alcohol have significantly fewer GM-CSFR and display decreased GM-CSF signaling and immune function (16), we examined the relative expression of the GMCSFRa and -b subunits by real-time PCR and flow cytometry in the alveolar macrophages from wild-type and HIV-1-transgenic rats. As shown in Figure 2A , HIV-1-transgene expression had no effect on the gene expression of GM-CSFRa and -b. However, HIV-1-transgene expression decreased the membrane localization of GM-CSFRb ( Figure 2B) , and, to an even greater extent, decreased the intracellular expression of this signaling subunit ( Figure 2C ). This effect on receptor protein expression was not observed with the a subunit ( Figures 2B and 2C ) that binds GM-CSF. These results suggest that HIV-1-transgene expression affects the expression of GM-CSFR at a posttranscriptional level. Whether this effect is at the translational level or at a post-translational stage, such as trafficking and insertion into the plasma membrane, was not addressed in this study. These findings parallel our recent studies in which GM-CSFR protein expression, but not gene expression, was significantly decreased in alveolar macrophages by chronic alcohol ingestion (16) . GM-CSF is produced by the alveolar epithelium and binds to specific GM-CSF receptors on the plasma membrane of the alveolar macrophage, which, in turn, activates intracellular signaling pathways. GM-CSF signaling is complex and involves Janus kinases, signal transducers and activators of transcription (STAT), and the GM-CSF master transcription factor, PU.1. The specific modulation of this signaling cascade by HIV-1-transgene expression was beyond the scope of this study. However, we find it interesting and noteworthy that the intracellular pool of the signaling unit (GM-CSFRb) is significantly decreased. This finding suggests that the capacity of the alveolar macrophage to maintain a robust signaling response to GM-CSF is dampened by chronic HIV-1-related protein expression through a mechanism that appears to involve Zn deficiency. Again, these findings are remarkably similar to our findings in the alcohol model, and raise the intriguing possibility that seemingly disparate chronic stresses-namely, alcohol abuse and HIV-1-could have common pathophysiological effects on alveolar macrophage function that are mediated, at least in part, by Zn deficiency. We also explored the potential functional consequences of this decrease in the expression of the GM-CSFR signaling unit. As shown in Figure 3 , phagocytosis of FITC-labeled bacteria by alveolar macrophages from HIV-1-transgenic rats was significantly decreased as compared with phagocytosis by alveolar macrophages from wild-type rats. These findings support the hypothesis that down-regulation of the GM-CSFRb signaling unit in HIV-1-transgenic subjects may be responsible for the decreased phagocytosis and resulting immune dysfunction.
Decreased Zn Levels in the Bronchoalveolar Lavage and Alveolar Macrophages from HIV-1-Transgenic Rats
To examine a putative mechanism underlying HIV-1-related protein expression and alveolar macrophage dysfunction, we focused on Zn availability, as it is known to be deficient in some patients with HIV-1 as the disease progresses (29) . In addition, supplementation of Zn in the diets of alcohol-fed rats improves alveolar macrophage function (unpublished data). Therefore, we examined Zn levels in the alveolar space of HIV-1-transgenic rats. We used FluoZin-3 (Invitrogen) to measure Zn in the bronchoalveolar lavage, and FluoZin-3AM (membranepermeable form) to evaluate intracellular Zn in alveolar macrophages, from wild-type and transgenic rats. As shown in Figure  4A , Zn levels in the bronchoalveolar lavage fluid from HIV-1-transgenic rats were significantly lower when compared with levels in wild-type rats. In parallel, intracellular Zn levels of alveolar macrophages from HIV-1 rats were significantly decreased, as reflected both by percent positive cells ( Figure 4B ) and by MCF ( Figure 4C ).
Age-Related Effect on Zn Levels
In the original paper describing the HIV-1-transgenic rat model, the resulting AIDS-like pathologies, such as muscle wasting, lymphoid hyperplasia, and renal failure, were much more dramatic in rats that were 5 to 12 months of age (12) . This implies that there is a progressive burden of HIV-1-related protein expression and consequent tissue injury over time. In addition, some reports have documented a correlation between Zn deficiency and progression of HIV-1/AIDS (30) . Therefore, we sought to determine if there was an age-dependent effect on alveolar macrophage Zn levels in the HIV-1-transgenic rats. As shown in Figure 5A , there was a progressive decrease in the intracellular Zn levels of alveolar macrophages from HIV-1-transgenic rats as they aged; in contrast, no age-related change (2), and merged (3) images of alveolar macrophages with ingested FITClabeled, inactivated Staphylococcus aureus. Each value in (A) represents the mean 6 SEM of six rats in each group. *P , 0.05 compared to wildtype rats. Both HIV-1-transgenic and wild-type rats used in these experiments were 8 to 9 months old.
in the Zn levels were evident in wild-type rats (data not shown). In parallel, lung lavage Zn levels also followed the same pattern by showing a progressive decline as the HIV-1-transgenic rats aged ( Figure 5B ). In Figure 5 , Zn levels in HIV-1-transgenic rats are expressed as the percent of those in wild-type rats.
In Vitro Treatment of Normal Alveolar Macrophages with the Zn Chelator N,N,N9,N9-Tetrakis-(2-Pyridyl-Methyl) Ethylenediamine Decreased GM-CSFR Expression and Bacterial Phagocytosis
To examine a direct connection between Zn deficiency and GM-CSFR expression and phagocytosis in the HIV-1-transgenic rats, we examined whether or not a Zn chelator, N,N,N9,N9-tetrakis-(2-pyridyl-methyl) ethylenediamine (TPEN), could reproduce these defects in normal macrophages in vitro. We used a rat alveolar macrophage cell line for these experiments. Cells were treated with or without 5 mM TPEN before staining with appropriate antibodies against GM-CSFR subunits. As shown in Figure 6 , flow cytometric analysis showed a decrease in the expression of GM-CSFRb ( Figure 6A shows % positive cells, and Figure 6B shows the MCF). As shown, GM-CSFRb intracellular expression was significantly decreased, and there was also a strong trend toward a decrease in the membrane expression. In contrast, there was no effect on either membrane or intracellular GM-CSFRa expression (data not shown). In parallel, and as shown in Figure 6C , TPEN-treated cells showed a significant decrease in the phagocytosis of FITC-labeled bacteria. In contrast, treatment of cells with TPEN in the presence of Zn prevented this reduction in the phagocytosis by macrophages. Taken together, these findings indicate that pharmacological induction of Zn deficiency causes defects in alveolar macrophage GM-CSFRb expression and phagocytosis that resemble the defects seen in the macrophages from HIV-1-transgenic rats.
In Vitro Supplementation of Alveolar Macrophages from HIV-1-Transgenic Rats with Zn Acetate-Restored Zn Levels and Phagocytosis
As we had determined in this HIV-1-transgenic rat model that dysfunctional alveolar macrophages are Zn deficient, we next tested whether or not Zn supplementation (Zn acetate at 1 or 10 mM for 48 h) could improve the functional status of alveolar macrophages from HIV-1-transgenic rats. As shown in Figure  7 , Zn acetate supplementation increased intracellular Zn levels . Zinc (Zn) levels in the bronchoalveolar lavage and alveolar macrophages from wild-type and HIV-1-transgenic rats. Zinc was measured by a Zn-specific dye, FluoZin-3 (Invitrogen). Soluble form of this dye was used to measure Zn in the lavage (A), as described in MATERIALS AND METHODS. (B and C) Flow cytometric determination of intracellular Zn by using a membrane-permeable form of FluoZin-3AM. Each value in A-C represents the mean 6 SEM of six to eight rats in each group. *P , 0.05 compared to wild-type rats. Both HIV-1-transgenic and wild-type rats used in these experiments were 8 to 9 months old.
( Figure 7A ), intracellular GM-CSFRb expression ( Figures 7B  and 7C) , and increased bacterial phagocytic function ( Figure  7D ) compared with untreated cells. The recovered Zn and phagocytic index levels were comparable to those for wild-type alveolar macrophages (data not shown). In contrast, comparable treatment with Zn acetate had no effect on any of these parameters in alveolar macrophages from wild-type rats (data not shown).
DISCUSSION
In this study, we determined that alveolar macrophages from HIV-1-transgenic rats have decreased intracellular expression of the GM-CSFRb subunit and decreased bacterial phagocytic function. In parallel, HIV-1-transgene expression decreased the levels of Zn in the lungs, both in the alveolar epithelial lining fluid and within the alveolar macrophages. In vitro Zn depletion in alveolar macrophages from wild-type rats reproduced the HIV-1 phenotype, at least as reflected by decreased GMCSFRb subunit expression and decreased bacterial phagocytosis. In addition, Zn supplementation in vitro increased intracellular Zn levels and GM-CSFRb subunit expression, and improved bacterial phagocytosis, in alveolar macrophages from HIV-1-transgenic rats. Taken together, these findings suggest a previously unrecognized immunomodulatory role of Zn in the pulmonary microenvironment during chronic HIV-1-related protein expression such as would be seen during chronic HIV-1 infection.
This study is unique in that we used a transgenic HIV-1 rat model in which multiple HIV-1-related proteins are expressed, but viral infection and replication do not occur, because both gag and pol have been deleted in this pro-virus construct. Even though there is no viral infection per se, these animals nevertheless develop an AIDS-like phenotype and, in our study, exhibit significant alveolar macrophage dysfunction. In terms of the progressive nature of the phenotype, this does not appear to require a progressive rise in HIV-1-related protein expression. However, the burden of the stress from these proteins appears to accumulate with age, just as other chronic diseases manifest progressive cellular dysfunction over time. These observations are important and consistent with the increased susceptibility to lung infections that cause so much morbidity and mortality in individuals infected with HIV-1 (31). Although there has been remarkable progress in our understanding of this disease, and effective therapies to limit the progression of HIV-1 infection are now in wide clinical use, the propensity of this virus to develop resistance to antiretroviral agents, and the eventual development of serious pulmonary infections and other complications, provide compelling reasons to identify novel adjunctive therapies that may limit the adverse effects of chronic HIV-1 infection. In the context of HIV-1 infection in humans, the overall viral burden (magnitude and duration of viral replication) is clearly the major issue, but this is accompanied by HIVrelated protein burden as well. This HIV-1-transgenic rodent construct suggests that some of the AIDS phenotype is mediated by these HIV-related proteins, which is consistent with the fact that many affected tissues in individuals with AIDS are not directly infected by the virus. Clearly, HIV-1 infection and HIV-related protein expression are inextricably linked, and viral transmission and replication remain the principal therapeutic targets. However, this unique animal model and our experimental findings suggest that some morbidity of chronic HIV-1 infection could be modified by adjunctive therapies, such as dietary Zn supplementation.
In the lung, alveolar macrophages play an important role in both innate and adaptive immune responses. Within the alveolar microenvironment, GM-CSF is secreted by alveolar epithelial cells and is critically necessary for the maturation and function of alveolar macrophages. Macrophages respond to GM-CSF through specific membrane receptors that have a unique binding subunit (GM-CSFRa) and a signaling subunit (GM-CSFRb) that is shared by the IL-3 and IL-5 receptors. We recently reported that chronic alcohol ingestion in rats decreased both GM-CSFRa and GM-CSFRb expression in the alveolar macrophage, and, in parallel, dampened the expression of PU.1, the master transcription factor for GM-CSF signaling (16) . Therefore, we speculated that HIV-1-related protein expression might cause similar effects, and examined the expression of GM-CSFRs in this recently available HIV-1-transgenic rat model. In contrast to chronic alcohol ingestion, chronic HIV-1-transgene expression had no demonstrable effect on GM-CSFRa expression in the alveolar macrophage. However, HIV-1-transgene expression significantly decreased GM-CSFRb expression, and impaired bacterial phagocytosis. We did not observe any significant differences in the apparent viability or gross morphology of alveolar macrophages from wild-type versus HIV-1-transgenic rats (data not shown). It is well established that down-regulation of GM-CSFR expression and/or its master transcription factor, PU.1, adversely impacts the functional capacity of alveolar macrophages (32, 33) . This GM-CSF signaling pathway also includes activation of Janus kinase family and subsequent activation of STAT. Our results regarding the effect of the Zn chelator, TPEN, on the expression of intracellular GM-CSFb signaling unit are intriguing, because GM-CSFRbc chain-dependent activation of STAT5A was shown to contribute to defective macrophage function in individuals infected with HIV (34) . Therefore, it is plausible that the effects of HIV-1-related proteins, and the consequent Zn deficiency, on GM-CSFRb expression alone are sufficient to explain the functional defects in the alveolar macrophage. However, we clearly cannot exclude other possible mechanisms, and the recent availability of this transgenic rat model will provide a great opportunity for further mechanistic studies.
Regardless of the precise mechanisms, these findings are provocative, as alveolar macrophage dysfunction has been identified in individuals infected with HIV-1 (6). For example, reduced phagocytic activity of macrophages for S. aureus and P. carinii from individuals infected with HIV-1 has been reported (7). Importantly, the direct treatment of alveolar macrophages with the HIV-1 envelope protein, gp120, inhibited antifungal activity and reduced phagocytosis (35) , consistent with our findings in this transgenic model. Furthermore, this observation suggests that some of the manifestations of AIDS can be attributed to the cellular toxicities of the HIV-1-related proteins rather than to viral replication alone.
The critical role for Zn deficiency in this model is fascinating, but, in retrospect, is perhaps not that surprising. Zn has been recognized as an important factor in the immune system for at least half a century (36) . A central clinical feature of Zn deficiency is an increased susceptibility to infectious diseases, which led early researchers to speculate that Zn must be important for host immunity. Numerous studies have observed that even mild Zn deficiency can impair host immunity (37, 38) , as is seen in individuals with chronic alcoholism and others that are immunosuppressed. Experimentally, Zn-deficient animals are more susceptible to a diverse range of infectious agents, including herpes virus, bacteria such as Mycobacterium tuberculosis, and Candida. In 1998, a clinical study showed that Zn supplemen- tation reduced the incidence of acute lower respiratory infections in children in a double-blind, placebo-controlled study (39) ; however, the potential mechanisms were not examined. In patients with HIV infection, disease progression is accompanied by a decrease in serum Zn concentration (40) , and these changes are at least partially reversible by Zn supplementation (30) . In a murine model of AIDS, the amount of Zn in many tissues, including the spleen, was depressed; of note, these effects were exacerbated by alcohol consumption (41) .
Interestingly, we found that, in this HIV-1-transgenic rat, the Zn concentrations in the alveolar space and in the alveolar macrophages decreases significantly with age. This is consistent with the observation that these animals are only mildly affected when they are young, but, with aging, develop a profound AIDS-like phenotype characterized by renal failure, muscle wasting, and respiratory problems. We did not assess whether or not this age-related phenotype is associated with progressively increased expression of HIV-1-related proteins, but this and other questions will be addressed as this unique model is studied in greater detail. The finding that Zn levels in the lungs progressively decline as the AIDS-like phenotype evolves is fascinating and raises the possibility that prolonged dietary Zn supplementation could slow the progression of HIV-1-related lung immune dysfunction.
This study does suggest that a direct connection between Zn deficiency and alveolar macrophage dysfunction during chronic HIV-1-transgene expression is plausible. Specifically, we treated a rat alveolar macrophage cell line with or without TPEN (a Zn chelator). Interestingly, TPEN-treated cells showed a similar dysfunctional phenotype to that seen in the HIV-1-transgenic rats, as reflected by decreased GM-CSFRb expression and bacterial phagocytosis. Furthermore, supplementing intracellular Zn levels improved both GM-CSFRb expression and bacterial phagocytosis by alveolar macrophages from HIV-1-transgenic rats. Taken together, these findings suggest that Zn bioavailability within the alveolar space modulates alveolar macrophage immune function in the setting of chronic HIV-1 expression. Future studies will need to address how HIV-1-related proteins limit Zn bioavailability in the alveolar space. Potential mechanisms would include abnormalities in Zn transporters that control intracellular levels. The fact that Zn supplementation improves alveolar macrophage Zn levels and immune function suggests that, whatever the defect may be, it is amenable to supplemental Zn and, therefore, clinical dietary treatments may prove to be effective.
In summary, these findings are clinically relevant, as they provide novel insights into the fundamental mechanisms by which HIV-1-related proteins impair host immune defense and increase the susceptibility to pulmonary infections. In addition, these findings raise the possibility that it may be beneficial to give Zn supplementation to individuals infected with HIV-1 to protect their lower airways from microbial infections. Because Zn is an essential micronutrient that is known to improve immune function, we can speculate that treating patients infected with HIV-1 with moderate amounts of Zn supplements as an adjunctive therapy could prevent, or at least limit, pulmonary infections, and perhaps nonpulmonary infections as well. Such therapy may be of enormous value in the developing countries, where illness and malnutrition can severely impair the immune system. Further studies are warranted to explore the roles for Zn bioavailability in the alveolar microenvironment of individuals infected with HIV-1, and whether Zn transporters or other cellular processes that regulate Zn levels are altered in this context. The unique HIV-1-transgenic rat model provides an exciting new tool to examine some of these questions in the laboratory and translate these findings to the clinical setting.
